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 The research presented in this thesis is centered on the design and synthesis of 
molecules which are derived from benzimidazoles and their applications.  
 The first chapter provides an introduction to benzimidazoles and N-heterocyclic 
carbenes, a unique class of molecules derived from benzimidazoles. 
 The second chapter describes the use of benzobis(imidazolium) salts in the design and 
development of a new class of fluorescent materials demonstrated to be robust with strong 
photoluminescent properties as well as tunable electronic and physical characteristics. These 
materials have potential application as fluorophores, sensory materials, and models for 
photophysical studies.  
 The final chapter describes the development of a mechanically-activated catalyst system 
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I. Introduction to Benzimidazoles and N-Heterocyclic Carbenes 
 
Benzimidazoles are a class of heterocyclic, aromatic chemical compounds which share 
a fundamental structural characteristic of six-membered benzene fused to five-membered 










Figure 1. The benzimidazole skeleton is the fusion of  
benzene (top left) and imidazole (top right). 
 
This basic ‘6+5’ heterocyclic structure is shared by another class of chemical 
compounds, the purines (Figure 2). Among the members of this group are several very well-
known and important biomolecules, such as adenine and guanine, two of the four nucleic acid 








































caffeine uric acid  
Figure 2. Purines, which include some of the most well-known biomolecules,  
share the ‘6+5’ heterocyclic structure with benzimidazoles.  
 
From this fundamental structural similarity, it is not too surprising that benzimidazole-
containing molecules and benzimidazole derivatives have been found to be biologically active 
 
2 
small molecules, such as vitamin B12 and a variety of antimicrobial, antiparasitic, and even 
































Figure 3. Examples of: (a.b) antimicrobial; (c) antiparasitic; and (d) antitumor agents 
containing the benzimidazole moiety (colored blue).  
 
Aside from their place in biomedical research, benzimidazoles also have a prominent 
place in organocatalysis, organometallic
3
, and materials chemistry
4
 for two reasons stemming 
from their molecular architecture: the imidazole is a precursor to N-heterocyclic carbenes; and 
the benzene ring provides a convenient scaffold to which additional functionality may be easily 
added to modify the spatial and electronic characteristics of a benzimidazole derivative. This 
combination of a reactive carbene center with a modifiable backbone is without a doubt one of 
the reasons for the recent rise in study and use of benzimidazoles and their N-heterocyclic 


















Scheme 1. Reaction of N-substituted benzimidazole with an alkyl- or arylhalide yields a 
benzimidazolium salt that, when treated with strong base (e.g. KO
t




N-heterocyclic carbenes, or NHCs, are a unique class of the carbene family. Carbenes, 
well known to be extremely reactive species due to their electron deficiency, are divalent 
carbon atoms with two nonbinding electrons that are covalently bonded to two adjacent 
groups.
5
 Typically carbenes exist for short periods of time and are not isolable. Long 
recognized to be important reaction intermediates, for some time they have, though, been 
employed in both synthetic organic and organometallic chemistry.
6
 However, it was not until 
relatively recently that carbenes could be stored and studied. 
Interest in isolable carbenes extends as far back as the early part of the 1800s.
7
 However, 













Scheme 2. Arduengo et al. isolated the first stable crystalline carbene,  
1,3-di-1-adamantyl-imidazol-2-ylidene 
 
Several important revelations had been made previously, though, concerning NHCs. 
During the 1960s, several studies by Wanzlick with the saturated imidazoline ring allowed him 
to recognize that NHCs would be stable and isolable due to the carbene center, located at the 2-
position of the imidazole ring, being stabilized by the electron-donating effects of the 

















(a) (b)  
Figure 4. (a) The numbering scheme for benzimidazoles; the 2-position carbon 
becomes the NHC carbene center. (b) The singlet ground state has a vacant p orbital into which 
neighboring substituents may donate electrons to stabilize the carbene center.  
 
4 
This, of course, has been shown true; exceptionally stable, NHCs are able to be stored 
for long periods of time under standard dry box conditions or even on the benchtop.
10 
Initial studies by Wanzlick et al. with N-aryl-substituted imidazole-2-ylidenes 1 and 2 
suggested that electronic stabilization alone is not significant enough to allow for isolation of 
NHCs and that steric contributions from bulky N-substituents are needed as well; certainly, 
steric bulk should contribute to the carbene center’s kinetic stability by blocking access to the 
reactive carbene center.
7,11 
However, three decades later Arduengo not only isolated N-aryl-
substituted imidazole-2-ylidenes 5 and 6 but also N-methyl-substituted imidazole-2-ylidenes 3 
and 4, effectively showing that electronic effects alone are enough to stabilize the carbene 
center.
11b




































5 6  
Figure 5. Wanzlick was unable to isolate (a) N-aryl-substituted imidazole-2-ylidenes; 
Arduengo, however, isolated both (b) N-methyl and (c) N-aryl-substituted imidazole-2-ylidenes 
as well. 
 
NHCs are singlet carbenes, meaning that in the ground state the electrons are paired and 
occupy the in-plane σ orbital.
6a,12
 This leaves a p orbital vacant, into which neighboring 
 
5 
substituents may donate electrons and stabilize the carbene center (Figure 4). In NHCs, this 
electron-donation effect is so strong, in fact, that NHCs are nucleophilic rather than 
electrophilic as most carbenes are.  
NHCs are excellent σ-donators with little backbonding character, and as such they have 
been widely used as ligands for organometallic catalyst complexes.
3a
 Often this is in place of 
less strongly-donating organophosphanes and resulting in improved catalyst reactivity and 
tolerance of functional groups.
12b,13
 Thus far NHCs have found use in a number of varied 




 Benzimidazoles and their NHC derivatives are clearly powerful chemical species with a 
wide range of application and also great untapped potential; combining reactivity and 
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 The design and synthesis of a new series of fluorophores based on 
benzobis(imidazolium) salts with tunable electronic and physical characteristics is described. 
With systematic modification of the N-substituent groups and counterions, a set of robust 
materials with glass transition temperatures spanning from below 0 to above 100°C was 
synthesized that was capable of maintaining its emissive properties across phases. In addition, 
with the synthesis of thermotropic liquid-crystalline fluorescent benzobis(imidazolium) salts 



































The development of conjugated organic salts for a broad range of applications, 
including organic light-emitting diodes (OLEDs), ionic liquids, ionic liquid crystals, and task-
















Figure 1. Conjugated organic salts as (a) OLED; (b) ionic liquid; and  
(c) task-specific ionic liquid for CO2 capture. 
 
Many of these studies been performed with traditional imidazolium-based ionic liquids, 
in part for their photoluminescent qualities; however, they exhibit extremely low emission 
intensities in the visible region, hence complicating analytical analyses and limiting their utility 
overall.
2
 Thus, to improve the applicability of this class of materials, a means of enhancing 
their photoluminescent properties was set as the primary objective, as improving these 
properties for low melting organic salts could potentially allow for significant advances to be 
made in each of the aforementioned fields of research.  
Benzobis(imidazolium) (BBI) salts have several important features which make them 
ideal candidates as fluorescent conjugated organic salts with tunable electronic and physical 
characteristics: they contain imidazolium moieties that provide high thermal stability and phase 
control; a fluorogenic, heteroaromatic core capable of efficient photoluminescence; and easily 
modified N-substituents with which liquid crystalline phase properties may be modified. 
Together, these characteristics should allow for satisfaction of the need for increased 




Results and Discussion 
  
Photophysical studies with N-alkyl and N-aryl-substituted BBIs 1 and 2 (Table 1), 
respectively, had been previously initiated.
3
 High quantum efficiencies, Φf, for both BBIs were 
observed but with vastly different maximum emission wavelength values. This was a strong 
indication that modification of the N-substituents would serve as a general means to tuning the 
electronic characteristics of BBIs. Tuning of the phase characteristics of BBIs by structural 
modification also became an area of focus after it was found that 1 and 2 decomposed prior to 
observation of a phase transition by differential scanning calorimetry (DSC).  
 
Table 1. Photoluminescent Benzobis(imidazolium) Salts and their  






























1 Bu Bu Bu Br 93 f 271 (265) 288 (4.29) 330 0.64 
2 Ph Ph Ph  Cl 48 f 325 (314) 352 (3.94) 474 0.41 
3 Me Ph Ph MeSO4 86 89 267 (263) 345 (3.31) 447 0.91 
4·MeSO4 Me i-Bu 4-BuPh MeSO4 89 43 273 (276) 287 (4.04) 410 0.53 
4·BF4 Me i-Bu 4-BuPh BF4 85 84 338 (335) 288 (4.27) 408 0.51 
4·I Me i-Bu 4-BuPh I 88 113 218 (215) 288 (4.20) 408 0.47 
5 Me i-Bu 3-MePh MeSO4 90 35 270 (262) 286 (4.19) 402 0.52 
6 Et Me 3-MePh MeSO4 91 0.8 272 (269) 289 (4.01) 403 0.63 
7 Et Me 4-OctPh MeSO4 89 -0.3 274 (270) 289 (4.13) 408 0.57 
8a C12H25 C12H25 C12H25 BF4 99 g 338 (314) 291 (4.14) 332 0.85 
8b Me 4-OctPh 4-OctPh BF4 78 g 341 (335) 348 (4.03) 451 0.72 
 
a 
Overall yield from commercially available starting material.
  b 
Glass transition temperature 
from second heating run using DSC under N2, rate = 5°C/min.
 c 
Decomposition temperature is 
temperature at which 10% weight loss occurred as determined by TGA under N2 with high-resolution 
analysis; parenthetical values obtained under air. 
d 
In MeOH under ambient conditions; log (ε) values in 
parentheses.
 e 
Reported quantum efficiencies relative to E-stilbene or anthracene.
 f 
No transition 
observed by DSC up to decomposition. 
g 
Mesomorphic.
   
 
10 
With knowledge of related ionic liquids previously reported
1f
 and X-ray 
crystallographic analysis of select BBIs, systematic optimization of the BBI structure (Scheme 
1) was performed that resulted in the synthesis of BBIs 3-7 with relatively low Tg values (cf. 1 


































This was a consequence of not only reducing molecular symmetry by using dissimilar N-
substituents to discourage molecular stacking and disrupting the π-π* facial interactions of the 
polycyclic core structures, but also of the use of non-coordinating counterions, with MeSO4 
being identified as ideal for lowering the Tg value of these BBI salts. For BBIs 4-7 the 
molecular symmetry was even further reduced, a consequence of dissimilar imidazolium ring 
substituents, and for 5-7 N-substituents which imparted π-facial asymmetry were incorporated. 
One particularly notable result of this systematic optimization process was the synthesis of a 
BBI which exhibited a Tg below 0°C (7).  
The robustness of these compounds was demonstrated by the observation of high 
decomposition temperatures, usually greater than 270°C, for each of the BBIs.  
The key objective for this study was the attainment of desirable photoluminescence 
properties. Absorption and emission properties of BBIs 3-7 in MeOH were first studied, and it 
was found that the absorption and emission spectra of 4-7 were rather consistent. This indicated 
that the physical properties of BBIs could be selectively altered while control over the 
electronic characteristics could still be maintained. Also, as was the case with the BBIs first 
investigated, high Φf values were observed for each of the BBIs, a feature demonstrative of the 
viability of these BBIs as solution-based fluorophores.  
 
11 
In addition to photoluminescence in solution, it was important for the BBI chromophore 
to demonstrate an ability to avoid self-quenching mechanisms and maintain its intense emission 
properties in condensed phases. For each BBI 3-7 heated to a temperature at or around their 
respective Tg values to give a flowing liquid, photoluminescence was qualitatively observed. 
An annealed thin film of 4·MeSO4 was also found to fluoresce. Together, these results 
demonstrated that BBI salt-based ionic liquid fluorophores could maintain their photoemissive 
properties in solution, as flowing liquids, and in solid state.   
Following this, the synthesis of liquid crystalline, mesomorphic fluorophores based on 
BBIs was pursued out of knowledge that liquid crystalline behavior in neutral organic 
fluorophores greatly improved their performance in electronic applications.
5
 Also, a BBI-based 
liquid crystal would introduce a unique structural class of ionic liquid crystals with rigid, 
polycyclic cationic cores similar to dye-based chromonic liquid crystals but naturally 
photoluminescent.
6
 Hence, BBI-based mesogens 8a and 8b were synthesized and analyzed. By 
variable-temperature power X-ray diffraction, they were found to be in smectic and 





A new series of phase-tunable fluorophores based upon BBI salts with tunable 
electronic and physical properties has been synthesized and characterized. Careful N-
substituent and counterion selection for these robust and highly fluorescent materials allowed 
for demonstration of high thermal stability but also fluidic behavior below 0°C. Through the 
synthesis of two BBI-based mesogens, a new route to fluorescent ionic liquid crystals has also 
been introduced. In summary, BBI salts have been demonstrated to be a robust yet flexible 
class of materials with potential application as fluorophores, sensory materials, and models for 
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The theory and precedent for the design and synthesis of a mechanically activated 






























Perhaps the most direct and efficient manner in which a chemical reaction may be 
encouraged in the forward direction is through the input of external energy. In all reactions, 
there is an energy barrier which must be crossed by reactants in order for their conversion into 
products to occur. Most often heat, pressure, electricity, or light are used to provide the 
necessary impetus to accelerate reactions by either: 1) changing the distribution of reactants in 
the lowest energy, ground-state configuration; or 2) exciting reactants into a higher-energy, 
excited-state configuration to ease movement over the energy barrier.
1
  
It is also possible to use mechanical force to supply the requisite activation energy. 
Relative to the other methods available, though, examples of mechanochemical activation are 
few; two of the more notable examples are carbon radical formation via stress-induced 
cleavage of polystyrene and the activation of magnesium turnings for Grignard reactions via 
constant hammering.
1a,2a,3  
The use of force to cause mechanical deformation and thereby provide potential energy 
is by far the least common option for chemical activation because in the majority of chemical 
systems the application of mechanical energy is an inefficient means of activation as the greater 
part of the energy input into the system is easily lost as heat or work used in bulk deformation 
processes; little energy then remains to be applied as chemical potential.
2
 Yet, its use has been 
long established in material science, solid-state and polymer chemistry because these types of 
systems are capable of storing free-energy upon stress-induced deformation and sustaining that 
energy for a period of time in excess of that requisite for a chemical reaction to occur.
1c,2
  
At present mechanochemistry and its unique mode of action is generating interest in 
stress-responsive materials.
4
 Stress-responsive materials are widely applicable precisely 
because the energy requirements of the system may be met by application of external force 
which, compared to heat, pressure, electricity and light, is more easily controlled and delivered. 
One potential application is in self-healing materials; envisioned is the eventual 
development of materials embedded with other materials capable of performing repair 
functions in the event of the formation of structural defects in the bulk material.   
Proposed is a mechanophore-linked polymer system, specifically a centrally placed 
Grubbs-type ring-opening metathesis polymerization (ROMP) catalyst
5
 bis-coordinated by two 
NHC-functionalized atom-transfer radical polymerization (ATRP) initiators off which polymer 
 
15 
chains may be grown
6
, whereby upon application of mechanical force the catalyst will be 

















Figure 1. Proposed mechanophore-linked polymer system. 
 
This design incorporates, quite literally, molecular handles into the architecture of the 
system that may, with applied force, be pulled upon; the polymer chains serve as functionalities 
with which energy from mechanical force may be transferred to the targeted bond and cause 
bond scission and activate the catalyst as desired.  
It is possible for bond scission to occur in one of two fashions. In solution and under 
exposure to ultrasound, cavitation events induce bond cleavage in polymers.
7
 Acoustic 
cavitation produces vapor filled vacuoles which rapidly grow and implode, resulting in the 




In solid-state, though, when mechanical force is applied and stress is introduced to a 
macromolecular system, deformation occurs in order for the total free-energy of the system to 
be minimized. Typically when the force is small, so-called ‘soft’ deformational modes are 
adopted, resulting in the events such as bond rotation or disruption of weak interactions such as 
Van der Waals forces. In polymers, chain extension allows for this storage of this applied 
external energy; how it is translated into chemical potential, though, is yet unknown.
2  
Regardless of how force is introduced to the system, the weakest bond 
thermodynamically is the bond most likely to break in the polymer chain; in this case, one of 









Results and Discussion 
 
 The synthesis of 3,3-diphenylcyclopropene was first pursued. Considerable difficulty 
was encountered when attempting a reported preparation of 1-bromo-2,2-diphenylcyclopropane 
utilizing a tin radical species.
9
 Fortunately, an alternative preparation via electrophilic trapping 
of an ethyl Grignard analogue was found
10
 and allowed for synthesis to proceed onwards to the 
desired product, though in low yields.   
























1 2 3  
Scheme 1. 3,3-diphenylcyclopropene synthesis sequence. 
 
Synthesis of 1,1-dibromo-2,2-diphenylcyclopropane (1) 
  
In the dry box, sodium t-butoxide (2.02 g, 21.0 mmol) was placed into a 50 mL round bottom 
flask with a magnetic stirbar which was then charged with dry hexanes (25 mL) and then sealed 
and removed from the glove box and placed on a Schlenk line. The solution was then cooled to 
-10°C, after which 1,1-diphenylethylene (3.00 mL, 16.9 mmol) was added dropwise over 10 
minutes. Bromoform (3.9 mL, 45.0 mmol) in dry hexanes (2 mL) was then added to the 
reaction mixture over 4 hours via syringe pump, during which the solution turned into slurry as 
precipitation of tan-colored solids was observed. The reaction mixture was then allowed to 
warm to room temperature overnight under continued stirring. The mixture was then poured 
into a beaker of water and chloroform and the organic layer then recovered via separatory 
funnel and the aqueous layer extracted three times. The combined organic portions were then 
dried over magnesium sulfate and filtered. Solvent was then removed via rotary evaporation to 
yield wet, tan solids which were then washed with 75 mL cold hexanes, 75 mL cold 5% 
EtOAc/hexanes, and 75 mL cold hexanes again. The resulting off-white powder was then 
collected and dried in vacuo, yielding 3.39 g (57%) of the desired product. 
1
H NMR (400 MHz, 




Synthesis of 1-bromo-2,2-diphenylcyclopropane (2) 
 
In the dry box, a 100 mL round bottom flask was charged a magnetic stirbar and dry THF (15 
mL), then sealed and removed and placed on a Schlenk line. Magnesium turnings (0.387 g, 
15.9 mmol) were then added to the flask, followed by 1-bromoethane (1.19 mL, 15.9 mmol). 
The solution was then vigorously stirred until warm and the magnesium had dissolved to form 
ethylmagnesium bromide. In the dry box a second round bottom flask was charged with 1,1-
dibromo-2,2-diphenylcyclopropane (1.40 g, 3.98 mmol), a magnetic stirbar, and dry THF  (35 
mL), then sealed and removed and placed on the Schlenk line. After the solution was cooled to 
-70°C, the EtMgBr solution was added via cannula and the reaction mixture stirred vigorously 
for 45 minutes. Methanol (2 mL) was then slowly added. The reaction mixture was then 
warmed to 0°C, then water (1.5 mL) added. The solution was diluted with  25 mL ether and the 
solvent removed via rotary evaporation to yield an off-white solid that was then washed with 
100 mL water. The resulting solid was then collected and dried in vacuo, yielding 0.80 g (74%) 
of the desired product. 
1
H NMR (400 MHz, DMSO-d6): δ 7.39-7.32 (m, 4H), 7.28-7.24 (m, 4H), 
7.21-7.14 (m, 2H), 3.96-3.90 (m, 1H), 1.89-1.77 (m, 2H). 
 
Synthesis of 3,3-diphenylcyclopropene (3) 
 
In the dry box a 25 mL round bottom flask was charged with a magnetic stirbar, 1-bromo-2,2-
diphenylcyclopropane (0.122 g, 0.45 mmol), and dry DMSO (5 mL), then sealed and removed 
and placed on a Schlenk line and cooled to 20°C. To a second flask in the dry box was charged 
a magnetic stirbar, sodium t-butoxide (0.047 g, 0.49 mmol), and dry DMSO (3 mL), then 
sealed and removed and vigorously stirred till dissolved, at which point the solution was 
transferred to a syringe. The NaO
t
Bu solution was then added over 2.5 hours via syringe pump. 
The reaction mixture was allowed to slowly warm to room temperature, then poured into ice 
water, then a 2:1 hexanes/ether mixture. The layers were separated and the aqueous layer 
extracted twice with 2:1 hexanes:ether mixture. The combined organic layers were then washed 
with brine and dried over magnesium sulfate and filtered. The filtrate was then concentrated via 
rotary evaporation. The resulting liquid was purified via column chromatography, eluting with 
hexanes. Fractions containing product were collected and concentrated by rotary evaporation to 
yield a yellowish liquid. 
1
H NMR (400 MHz, DMSO-d6): δ 7.91 (br s, 1H), 7.28-7.23 (m, 4H), 
7.19-7.13 (m, 2H), 7.12-7.08 (m, 4H). 
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